Lallemantia royleana (Benth.) Benth. (Family Lamiaceae), is one of the most popular medicinal plants in Iran. It is an herbaceous pant that is commonly known as "Lady mantle". The vernacular name of Lallemantia royleana's seed is Balangu or Balangu Shirazi that is used as a source of medicine. Medicinal plants are very important from economic point of view in Iran and several large industries are focused on medicinal plants cultivation, extraction and export. Therefore, providing data on the biology of these plants is important for the country. Lallemantia royleana grows in different parts of Iran and forms several local populations. Genetic, morphological and biochemical divergence of geographical populations are well known in plant species. We have no report on population genetic structure, genetic fragmentation, local adaptation and gen flow of Lallemantia royleana populations in the country. Therefore, the present population genetics investigation was programmed to produce data on above said questions. Randomly collected plants of 7 geographical regions were studied by ISSR molecular markers. This information can be used in hybridization and gene conservation of this medicinal plant in Iran.
Introduction
Geographically widely distributed plant species encounter various ecological conditions and variable altitudes. These taxa are subjected to different selection pressures and sometimes due to geographical barriers suffer from population fragmentation. In these situations, plants reveal morphological and genetic divergence in their local populations (see for example, Azizi et al. 2014 , Sheidai et al. 2012 , Minaeifar et al. 2015 . Some medicinal species even reveal difference in their phytochemical compositions
Habitat fragmentation reduced the number of plant individuals in local populations, which in turn brings about inbreeding and reduced level of genetic diversity due to the act of genetic drift (Freeland et al. 2011 ). Due to medicinal and economic importance of medicinal plants, it is frequently used by local people. Therefore they become threatened by both habitat fragmentation (reduced genetic variability) and eradication by local inhabitants. Therefore we reveal a genetic investigation in geographical populations of medicinally important plant species Lallemantia royleana (Benth.) Benth. in Iran. The data obtained is important for conservation and germ plasm evaluation of this medicinal plant in the country.
Population genetics analyses provide valuable information about the levels of genetic variation, the partitioning of genetic variability within/between populations, gene flow, inbreeding, self-pollination versus outcrossing, effective population size and population bottleneck. The information obtained can help in developing effective management strategies for endangered and/or invasive species (Chen 2000 , Ellis & Burke 2007 .
Lallemantia royleana (Benth.) is an annual herb of the genus Lallemantia L. (Family Lamiaceae) and is commonly known as "Lady mantle". The vernacular name of Lallemantia royleana's seed is Balangu or Balangu Shirazi (Naghibi et al. 2005 ). This species grows in Western Siberia, Central Asia, Xinjiang, Pakistan, Kashmir, Iran, Syria, Kazakhstan, Kyrgyzstan, Russia, Tajikistan, Turkmenistan, Uzbekistan, SW Asia, and Europe (Cao Shu 1994) . Balangu is agood source of fiber, oil and protein and has medicinal, nutritional and human health properties (Naghibi et al. 2005) . This natural herb is used for the treatment of arthritis, joint pain, rheumatism, osteoarthritis and abscesses inflammations. This seed absorb water quickly when soaked in water and produce a sticky, turbid and tasteless liquid. The Balangu seeds are used in a wide range of products made in traditional or industrial such as a beverage (namely Tokhme Sharbati) and bread in Iran and Turkey (Mazhe et al. 2012 ). Different molecular markers have been used in population genetic studies. We used ISSR (Inter-simple sequence repeats) since these markers are reproducible, cheap, easy to work and are known to be efficient in population genetic diversity studies (Sheidai et al. 2012 , Minaeifar et al. 2015 . 
Material and methods

Plant material
DNA extraction and ISSR assay
Fresh leaves were collected randomly in each of the studied populations and dried in silica gel powder. Genomic DNA was extracted using CTAB with activated charcoal protocol (Murry and Tompson, 1980) . The quality of extracted DNA was examined by running on 0.8% agarose gel. Ten ISSR primers; (AGC)5GT, (CA)7GT, (AGC)5GG, UBC810, (CA)7AT, (GA)9C, UBC807, UBC811, (GA)9A and (GT)7CA commercialized by UBC (the University of British Columbia) were used.
PCR reactions were performed in a 25μl volume containing 10 mM Tris-HCl buffer at pH 8; 50 mM KCl; 1.5 mM MgCl2; 0.2 mM of each dNTP (Bioron, Germany), 0.2 μM of a single primer; 20 ng genomic DNA and 3 U of Taq DNA polymerase (Bioron, Germany). The amplifications , reactions were performed in Techne thermocycler (Germany) with the following program: 5 min initial denaturation step 94 °C, followed by 40 cycles of 1 min at 94 °C; 1 min at 57 °C and 1 min at 72 °C. The reaction was completed by final extension step of 7 min at 72 °C. The amplification products were observed by running on 1% agarose gel, followed by the ethidium bromide staining. The fragment size was estimated by using a 100 bp molecular size ladder (Fermentas, Germany).
Data analysis
2.3.1. Genetic diversity and population structure ISSR bands obtained were coded as binary characters (presence = 1, absence = 0). The genetic diversity parameters like, allele diversity (Weising et al. 2005 ), Nei's gene diversity (H), Shannon information index (I), number of effective alleles, and percentage of polymorphism (Freeland et al. 2011) , were determined for each population. Nei's genetic distance was used for clustering (Weising et al. 2005 , Freeland et al. 2011 . Neighbor Joining (NJ), UPGMA (Unweighted Paired Group using average) clustering and Neighbor-Net method of networking was used for grouping after 100 times bootstrapping/ permutations (Freeland et al. 2011 , Huson & Bryant 2006 ). The
Mantel test was performed to check correlation between geographical and the genetic distances of the studied populations (Podani 2000) . PAST ver. 2.17 (Hammer et al. 2012) programs was used for these analyses. Pearson coefficient of correlation was determined between geographical features (altitude, longitude and latitude) and genetic diversity parameters.
AMOVA (Analysis of molecular variance) test (with 1000 permutations) as implemented in GenAlex 6.4 (Peakall & Smouse 2006) , and Nei's Gst analysis of GenoDive ver.2 (2013) (Meirmans & Van Tienderen, 2004) , were used to reveal significant genetic difference among the studied populations ).
The population genetic differentiation was studied by G'st_est = standardized measure of genetic differentiation (Hedrick 2005) , and D_est = Jost measure of differentiation (Jost 2008) . In order to overcome potential problems caused by the dominance of ISSR markers, a Bayesian program, Hickory (ver. 1.0) (Holsinger & Lewis 2003) , was used to estimate parameters related to genetic structure (theta B value) (Tero et al. 2003) .
Bayesian based model STRUCTURE analysis (Pritchard et al. 2000) , and maximum likelihood-based method of K-Means clustering were used to study the genetic structure of populations . For STRUCTURE analysis, data were scored as dominant markers (Falush et al. 2007 ). The Evanno test (Evanno et al. 2005 ) and K-Means clustering were used to iden- (Frichot et al. 2013 ).
Results
Genetic diversity
Genetic diversity parameters determined in the studied populations are presented in Table 2 . The highest value for gene diversity occurred in populations 1 and 7 (0.193 and 0.188, respectively). The highest level of genetic polymorphism (75.41) occurred in population 1, while the lowest value of the same occurred in population 6 (36.07).
The Mantel test produced significant correlation between geographical distance and genetic distance of the studied populations (r = 0.23, P < 0.01). This indicated the occurrence of isolation by distance (IBD) among populations and that close-bye located populations have greater chance of gene flow compared to those located far from each other.
However, detailed analysis of geographical features revealed a more complex relationship between genetic variability and geographical features.
The latitude was positively correlated with the Nei gene diversity (r = 0.53, P = 0.20), and genetic polymorphism (r = 0.74, P < 0.05). The altitude showed significant negative correlation with gene diversity (r = -0.81, P < 0.05), and the genetic polymorphism (r = -0.74, P < 0.05). The longitude was negatively correlated with the gene diversity (r = -0.33, (P > 0.05), and positively correlated with as the genetic polymorphism (r = -0.08, P > 0.05).
Population genetic structure
AMOVA (Table3) produced significant genetic difference (PhiPT = 0.29, P = 0.001) among the studied populations. It also revealed that 29% of total genetic variability occurred among the studied populations while, 71% occurred within these populations.
Pairwise AMOVA produced significant difference among these populations. Hickory test also produced high Theta B value (0.30) supporting AMOVA.
Gst (0.32, P = 0.001), Hedrick , standardised fixation index (G'st = 0.38, P = 0.001) and Jost , differentiation index (D-est = 0.12, P = 0.001), revealed that the studied populations are genetically differentiated.
UPGMA and NJ clustering as well as Neighbor-Net produced similar results, therefore, the UPGMA tree is presented and discussed (Figure 2 ). UPGMA tree produced three major clusters. Most of the plants in each population were placed close to each other, but some were placed intermixed with the other populations. Plants of populations 4 and 5 formed the first cluster, while plants of populations 1-3 and 6 comprised the second cluster. Plants of populations 7 were placed in the third cluster, which joined the other two clusters with some distance.
The MDS plot (Figure 3) , revealed genetic affinity between populations 1 and 2, and between populations 3, 5 and 6. It separated populations 4 and 7 from the other studied populations due to their genetic difference. Evanno test performed on STRUCTURE analysis and pseudo-F index of K-Means clustering produced optimum number of k = 2. These results indicated that we have 2 genetic groups in the studied populations. STRUCTURE plot (Figure 4 ) based on k = 2, identified these two genetic groups (gene pools).
The assignment test revealed that some plants in populations 1 are closer to the population 3 and 7. The same holds true for plants of populations 3 and 5, and 7 as well as 5 and 6. Therefore, population assignment test also revealed some degree of gene flow among populations of the second gene pool.
LFMM analysis revealed that out of 75 ISSR loci, 16 are adaptive. Some of these ISSR loci had low Nm value (<1) and are private alleles, for example, ISSR loci 2, 4, 5, 37, 48, and 49. The other loci had high Nm value (>1.0) and were more frequently shared by the studied populations.
Discussion
traditional medicine is widely practiced in Iran and therefore, medicinal plants cultivation and conservation are very important in the country. Many companies are focused on medicinal plants cultivation, extraction and export.
Lallemantia royleana is one of the most popular medicinal plants in Iran and is extensively consumed by locals. Therefore, it is threatened in natural habitats. In order to conserve this valuable plant species, it is necessary to monitor the size of its natural populations and study their level of genetic variability as well as population genetic fragmentation.
Population fragmentation in general reduces the rate of gene flow and increases the genetic differentiation of populations. In such case, the genetic drift becomes active and reduces the within-population genetic variability (Setsuko et al. 2007 , Hou & Lou 2011 . In the present study, AMOVA revealed that Lallemantia royleana populations are genetically differentiated but contain high level of interpopulation genetic variability (71% of their total genetic variation). This should be due to outcrossing nature of this species. High genetic diversity is very important for the continuity of the plant species and their adaptation to fluctuating environmental conditions (Çalişkan 2012) . Moreover, gene flow among populations introduces new genes in to the local populations and increases their genetic variability (Hou & Lou 2011 . In the present study, both STRUC-TURE plot and population assignment test revealed the occurrence of gene flow among the studied Lallemantia royleana populations for example population 4 is located in the western part of the country, while population 7 is located in southern part, with great distance from each other. The location of population 5 is somewhat in the central parts of the country and between the other populations and may be in contact with all these populations. This may be the reason that plants of this population showed the presence of alleles from the populations 4 The STRUCTURE plot obtained based on admixture model and Bayesian approach revealed that populations 1, 2 and 3 are genetically more alike and comprise the first gene pool, populations 4, 5 and 6 are genetically more alike and comprise the second gene pool while population 7 formed the third gene pool. More than half of individuals from population 5 shares alels with 2 gene pools.
This plot also revealed low degree of genetic admixture between the 3 gene pools, for example some plants in populations 1 and 6 had shared alleles with members of the populations 4 and 7.
Gene flow
We used different indirect approaches to study the level of gene flow or ancestral shared alleles in Lallemantia royleana populations. These approaches are based on different assumptions and mathematical models. The Nm approach assumes equal rate of gene flow among populations that might not be true always. The NM analysis produced mean Nm = 1.00, that indicate a low degree of gene flow among populations. The ISSR loci varied in their Nm value from 0.20 to 19.30.
This result is in agreement with STRUCTURE result presented before. Most of the 74 ISSR loci studied, had high Nm value (>1.00). These loci were exchanged more frequently among the studied populations, while the other loci were private loci and were confined to one or more local populations.
More detailed information was obtained by population assignment test (Table 4) . In this approach, the assignment of current plant to the inferred population is determined by maximum likelihood method (Meirmans & Van Tienderen 2004) . 18/1 • 2019, 97-104 Fahimeh Koohdar, Masoud Sheidai & Seyed Mehdi Talebi Population genetic structure and genetic diversity study in Lallemantia royleana (Benth.) Benth.: identification of potential gene pools in Iran and 7 and also from the other studied populations. This can bring about enough genetic variability for this medicinal plant species within the country.
Population genetic studies, also provides insight about population adaptive differences that have been developed between plants from different regions (Waples 1998) . Populations , genetic differences with presumed potential adaptive value can be used in conservation strategies (Sheidai et al. 2012 (Sheidai et al. , 2013 . LFMM analysis identified some of the ISSR loci with potential adaptive value.
The Mantel test revealed a pattern of isolation-by distance across the distribution range of the studied Lallemantia royleana populations. It suggested that the dispersal of these populations might be constrained by distance, and gene flow is most likely to occur between neighboring populations. As a result, more closely situated populations tend to be more genetically similar to one another (Slatkin 1993 , Hutchison & Templeton 1999 , Medrano & Herrera 2008 . The STRUCTURE analysis identified three different gene pools for Lallemantia royleana in Iran. These gene pools have their own specific alleles and may be used in conservation and hybridization programs.
Lallemantia royleana populations showed a general trend of negative association between altitude and gene diversity as well as the genetic polymorphism. The altitude is an important factor for population genetic differentiation (Ohsawa & Ide 2008 , Di et al. 2014 . Populations not only are differentiated on mountains along vertical axes, but genetic changes can also occur along horizontal axes. For instance, ridges may provide geographical barriers to gene flow between populations on their opposite sides, so genetic differentiation may occur across ridges (Taberlet et al. 1998) .
However, some studies also reported no differentiation between populations at low and high altitudes (Ohsawa et al. 2007 ), due to the overlap of flowering phenology in populations at different altitudes, species' extensive pollen flow, and long-distance seed dispersal between different altitudes by animals, particularly birds.
In conclusion, the present study indicates that genetic divergence, limited gene flow and local adaptation have played role in diversification of Lallemantia royleana populations in Iran. These findings may be of use in conservation this medicinal plant in the country. 18/1 • 2019, 97-104 
